Plant viruses encode proteins that mediate their movement from cell to cell through plasmodesmata. Currently, the mechanisms of action of these movement proteins (MPs) can be divided broadly into two types, requiring or not requiring the presence of viral capsid protein. Cauliflower mosaic virus encodes a multifunctional MP (Pl) that modifies plasmodesmata through the formation of tubules that contain virus particles. To investigate the structure of P1,26 small deletions (scanning deletions) were used to characterize regions of P1 essential for full biological activity. These deletions identified an N-terminal region and a region close to but not at the C terminus as domains that could tolerate manipulation, although gross deletions of either domain abolished infection. In sequence comparisons with other caulimovirus MPs, these regions coincided with the areas of least amino acid homology. Epitope tags inserted into either of these regions were stably maintained in systemic infections, and in extracts from infected plants, tagged P1 was detected on immunoblots. We predicted that, from the hypenrariability of these regions, they would be located on the surface of the native P1 structure. lmmunofluorescence of P1-specific tubules formed on the surface of infected protoplasts confirmed that the N-terminal and C terminus-proximal regions were exposed on the surface of the P1 tubule subunit. These findings establish a structure for P1 that is likely to be applicable to other tubule-forming MPs.
Plant viruses encode proteins that control their movement from cell to cell and, therefore, their ability to develop a spreading infection in plant tissues. These movement proteins (MPs) interact with the normal symplastic connections between plant cells, the plasmodesmata, by modifying the plasmodesmal structure and function. The consequence is that the highly regulated passage of small molecules through plasmodesmata is altered to allow the passage of nucleoprotein complexes containing the viral genome (Maule, 1991; Deom et al., 1992; Citovsky, 1993; Citovsky and Zambryski, 1993; McLean et al., 1993; Lucas and Gilbertson, 1994) .
Broadly, two mechanisms of virus movement from cell to cell are now recognized. These can be distinguished as mechanisms that do or do not require the presence of the viral capsid protein. The latter process, exemplified by tobacco mosaic virus (TMV) movement protein (P30) and red clover necrotic mosaic virus movement protein (35 kD MP), involves the MPs in the dual roles of increasing the size exclusion limit of plasmodesmata (Wolf et al., 1989; Fujiwara et al., 1993; Waigmann et al., 1994) and the formation of an MP-RNA nucleoprotein complex that can pass through the modified plasmodesmata to infect the next cell (Fujiwara et al., 1993) . Accordingly, TMV
To whom correspondence should be addressed P30 and red clover necrotic mosaic virus 35-kD protein have a nucleic acid binding activity that is essential for virus movement to occur (Citovsky et al., 1990 (Citovsky et al., ,1992 Osman et al., 1992 Osman et al., , 1993 Giesman-Cookmeyer and Lommel, 1993) . The requirement for capsid protein invokes virus particles as the movement agent, with the MP providing a conduit for virus movement by forming tubules that pass through plasmodesmata into neighboring cells. These tubules are composed partly or completelyof MP Wellinket al., 1993; Wieczorek and Sanfaçon, 1993) . This mechanism, first described for cowpea mosaic virus (CPMV; van Lent et al., 1990) , provided an explanation for electron microscopical observations made over many years of virus-like particles within tubular structures passing through cell walls. These observations suggest that the comoviruses (Kim and Fulton, 1971; van der Scheer and Groenewegen, 1971; van Lent et al., 1990) , nepoviruses (Roberts and Harrison, 1970; Walkey and Webb, 1970; Jones et al., 1973; Wieczorek and Sanfaçon, 1993) , caulimoviruses Maule, 1991; Basic The tubules formed by the CPMV MP (48K) and the cauliflower mosaic virus (CaMV) MP (Pl) have been studied extensively. Although these viruses are from different groups and are a different size, the tubules have features in common. In both cases, tubules form on the surface of infected protoplasts after a period in culture (van Lent et ai., 1991; Perbal et ai., 1993) , and because they form after transient expression of the MP in vivo, they require no other viral gene product for their formation ; M.-C. Perbal and A.J. Maule, unpublished results) . Currently, we know little about the structure of these tubules, how they are formed, or what host factors may be necessary for their synthesis or structure.
We report here the results of a deletion analysis of the function of CaMV P1. This analysis permitted us to make structural predictions about the organization of the MP within the tubule. These predictions were tested using an epitope tagging strategy with the c-Myc and hemagglutinin epitopes (Kolodziej and Young, 1991) , for which commercial antibodies are available. ldentification of common domains between caulimovirus and comovirus MPs led us to conclude that despite a lack of significant sequence homology, there may be a conservation of structure in the tubule-forming MPs.
I RESULTS

Scanning Deletion Mutagenesis
Of the mutagenic strategies popularly adopted for the analysis of protein function, we chose to use scanning deletion mutagenesis (Shanafelt and Kastelein, 1989) . This technique, based upon the deletion of three amino acids at approximate intervals of 10, is reported to cause only local disturbance of protein structure and can potentially separate domains in a multifunctional protein. Because the strategy relies upon deletion of nine nucleotides, there is also a reduced risk, when compared to point mutations, of reversions arising during multiple rounds of virus replication in the systemic host. Furthermore, the strategy is empirical and avoids subjective assessments of important regions or amino acids in the protein. In identifying sites for mutation, we did, however, avoid deleting proline and cysteine residues that are likely to be important in providing strong turns and stabilizing disulfide bonds, respectively, within the structure. We also positioned three of the deletions to target residues identified by others (Koonin et al., 1991) as conserved between MPs. These included an LPL motif (amino acids 101 to 103; also present in the heat shock chaperone HSPSO), the G-box (amino acids 128 to 130), and the D-box (amino acids 153 to 155). One other mutant was made in a region (amino acids 66 to 68) of CaMV P1 naturally deleted from carnation etched ring virus (CERV) P1. Figure  1 shows the locations of these deletions in relation to the chemical characteristics of the linear protein sequence.
After replacement of wild-type CaMV gene I in pBCM1841 (a multimeric CaMV construct in pBIN19 designed to initiate an infection after agroinoculation; Thomas et ai., 1993) with mutated gene I, each of the mutants was tested for its ability to replicate in single cells and its ability to mediate virus spread in the systemic host, turnip. Initially, our goal was to differentiate between local infections of the inoculated leaf and systemic infections of the whole plant to assess the contribution of P1 in mediating long-distance movement. Unfortunately, agroinoculation of leaf tissue results in residual agrobacteria at a location other than the inoculation site. Vira1 DNA present in the agrobacteria confused the analysis of viral DNA attributable to CaMV replication (data not shown). Previously, to define the product of CaMV gene I as an MP we used agroinfection to demonstrate that a CaMV genome deleted (amino acids 127 to 226) in gene I was able to replicate normally in single cells but was unable to initiate a spreading infection. By similarly using agroinoculation of leaf discs for the scanning deletion mutants, all of the mutant viral genomes were shown to be able to replicate in single cells (data not shown), indicating that cis-acting elements within gene I had not disrupted virus replication. To assay for the biological activity of the P1 mutants, turnip seedlings were agroinoculated on the first leaf and examined over a Fweek period for the appearance of systemic symptoms and the presente of viral DNA by dot blot hybridization. Symptoms were not visible on the inoculated leaf, even with wild-type CaMV CM1841; this was probably a consequence of only limited spread of the virus from the localized site used for agroinoculation. In inoculated plants that failed to show symptoms, viral DNA was not detected, suggesting that there were no major symptom determinants within gene I (data not shown). The first three symptomatic leaves are shown 3 weeks after inoculation. (A) Leaves from plants infected with wild-type CaMV CM1841 showing a mixture of vein clearing and chlorotic spot symptoms on the first 37), and those near but not at the C terminus (mutants 288 to 290 and 301 to 303). Whereas the C-terminal mutants elicited symptoms similar to those of the wild-type virus, the N-terminal class was subtly different in phenotype and more variable in timing. In Figure 2 , the symptoms on the first three systemically infected leaves are shown. During CaMV infection, the first of these leaves usually shows an incomplete coverage with symptoms. This is the leaf that first receives the virus as it makes the transition from photosynthetic sink to source (Leisneret al., 1992) . With the wild-type virus (Figure 2 A), this effect is seen as a combination of vein clearing and chlorotic spots. Leaves infected with the N-terminal mutants (e.g., mutant 22 to 24; Figure 2B ) developed chlorotic sectors situated near or along the veins rather than chlorotic spots. Symptoms appeared on these leaves later than did the symptoms for the wild-type virus ( Table 1 ). The delay and variability in the timing of these symptoms suggested that reversion or compensatory mutation of the N-terminal mutants could be occurring. Therefore, the virus was purified from chlorotic sectors of infected leaves, viral DNA was isolated, and the sequence of gene I was determined. All the N-terminal mutants had the same sequence as their respective inocula (data not shown). Similar sequence determinations for the C-terminal mutants also showed that the infectious progeny and the respective mutant inocula were identical.
Amino Acid Sequence Comparison with Other Caulimovirus MPs
The regions of P1 tolerant to the scanning deletions showed no striking chemical characteristics except that the region covered by the N-terminal 50 amino acids was more hydrophilic than the rest of the protein (Figure 1 ). To investigate whether these regions correlated with the extent of sequence conservation between P1 proteins from different CaMV strains, we aligned the P1 sequences from CaMV isolates CM1841, Strasbourg, and D-H using the University of Wisconsin (Madison) Genetics Computer Group (UWGCG) Pileup program. However, the very high conservation throughout the protein meant that areas of less conservation were poorly defined (data not shown). Assuming that the key functions of the caulimovirus MPs would be similar, we aligned the sequences of CaMV P1 with the P1 proteins from the closely related caulimoviruses symptomatic leaf and complete veinal chlorosis on later leaves. The arrows identify a leaf area (magnification x2; inset) at the boundary between symptomatic and asymptomatic tissue that shows chlorotic spots following infection with wild-type CaMV. Tissue from this area was used for protoplast isolation.
(B) Leaves from plants infected with mutant 22 to 24 (mutants 8 to 10 and 35 to 37 produced identical symptoms) showing sectors of stronger vein clearing rather than chlorotic spots. These sectors (arrows) are seen more clearly at a higher magnification (x2) of the same area (inset).
(C) Leaves from uninfected plants, with magnification (x2; inset) of an area similar to those marked with arrows in (A) and (B). Figure 3 , we found that the caulimovirus MPs show extensive conservation of sequence, particularly in the center of the molecule, with areas of lower homology toward the termini. The strongest area of homology lies between amino acids 120 and 190. This region has been shown by deletion analysis to comprise the P1 RNA binding domain (Thomas and Maule, 1995) and is also strongly conserved in wider comparisons between caulimoviruses and badnaviruses (Bouhida et al., 1993) . Whereas there was generally less conservation around the C terminus, the last 20 amino acids comprised a structure with significantly higher conservation than the region (amino acids 278 to 306) immediately before it. In retrospect, we could see that the infrequent sequence deviation in the comparison between CaMV isolates also fits this pattern. Many of the scanning deletion mutations (indicated in the CaMV P1 sequence; Figure 3 ) coincided with amino acids conserved among the three proteins. The five mutations that resulted in viable virus were among the exceptions to this and were positioned in the areas of least sequence conservation. The C terminusproximal viable mutants, in particular, were located in the hyperviable region between amino acids 278 and 306, adjacent to the nonviable mutant within the conserved C-terminal region. We termed this hypervariable region the C-terminal "spacer."
To determine whether the N-terminal region and the C-termina1 spacer were necessary for biological activity, two larger 
-1------1---------1-----1-------~--------~-----
330
CaMV ASSSNTENELARVSQNIDLLKNKLKEICGE FMV LLENKDENLLRSMSTKIDTLGKKLSLIYDN
CERV
Figure 3. Sequence Conservation in the Aligned Sequences of Caulimovirus MPs.
The sequences of the MPs of CaMV, CERV, and figwort mosaic virus (FMV) were aligned using the UWGCG Pileup program; dots were introduced to optimize alignment. The locations of absolute conservation of sequences across all three proteins are shown by black blocks. The positions of the three-amino acid scanning deletion mutations are given in boldface type in the CaMV sequence, and the ability (+) or inability (-) of the individual mutants to systemically infect hosts is indicated above, within parentheses. The percentages of similarities between CaMV and FMV and FMV and CERV are 70.5 and 65.2%, respectively. The positions of the epitope tags (boldface, lower lines) are shown relative to the wild-type CaMV CM1841 sequence (upper lines, coordinates are shown). The consequences of replacing the wild-type sequence with epitopes on the charge of P1 are specified (italic).
deletions (amino acids 2 to 24 and 282 to 303) were made and tested for activity after insertion into the pBCM1841. Neither of these mutant viruses could mediate a systemic infection of plants, although both were able to replicate in single cells after agroinfection of leaf discs (data not shown). Therefore, although tolerant of some change, both of these regions were essential for biological activity. One mutant, amino acids 66 to 68, surprised us in its inability to mediate a spreading infection, because it targeted a region naturally deleted in CERV. The CERV deletion, however, is of six amino acids and is equivalent to almost a complete turn of the o-helix present in this region (A.J. Maule, unpublished data). Removal of only three amino acids (half a turn) could have seriously disrupted some of the adjacent sequences.
Epitope Tagging To Test for Protein Structure
The strong conservation of amino acid sequence in the central portion of the caulimovirus P1 proteins suggested that the less conserved regions were likely to be on the surface of the native protein. The hydrophilic nature of the weakly conserved N-terminal region suggested the same. To test whether the surface of native P1 was the location of the sequences tolerant of the three-amino acid mutations, two different epitope tags were used. The 9E10 human c-Myc epitope and 12CA5 influenza virus hemagglutinin epitope (Kolodziej and Young, 1991) are 10-and nine-amino acid peptides, respectively, for which commercial antibodies are available. Figure 4 shows the locations where the 9E10 epitope replaced the CaMV P1 sequence close to the N terminus (N-9E10) and within the C-terminal spacer region (SP-9E10); the 12CA5 epitope was introduced only into the spacer (SP-12CA5). The chemical nature of these epitopes is different. Although both carry a net negative charge, the 12CA5 epitope has a preponderance (seven of nine) and 9E10 a minority (three of 10) of the nonpolar residues, and 12CA5 has four residues (P, P, D, and D) with strong turn predictions (Kamer and Argos, 1984) . In these general characteristics, the 9E10 epitope quite closely resembles the sequence it replaces in the N-terminal region of P1, although neither epitope resembles the replaced sequence in the spacer region (Figure 4) .
The wild-type gene I sequence in pBCM1841 was replaced by the tagged gene I sequences and then agroinoculated into turnip plants. All of these viral constructs were infectious and resulted in systemic infections. The symptoms and the speed of infection of the tagged constructs were the same as those of the wild-type virus. To check that the epitope sequence was stably maintained, progeny virus was isolated from systemically infected tissue, and the viral DNA was sequenced. The sequence was identical to that in the inocula.
The CaMV P1 protein accumulates in cell wall fractions as two major species of 46 and 38 kD (Marker et al., 1987 ; sometimes reported as 45 and 36 kD, Young et al., 1987) . The larger protein is the complete gene I product and is the only P1 product involved in the construction of MP tubules Protoplasts isolated from uninfected plants or plants infected with wild-type, N-9E10-, or SP-9E10-tagged CaMV were cultured, harvested 25 hr after initial plasmolysis, and fixed to glass slides before staining with the polyclonal P1 serum (left) or the monoclonal antibody raised against 9E10 (right). Examples of protoplasts showing Pi-specific fluorescence in the cytoplasm (honeycomb pattern of fluorescence around chloroplasts), in tubules, and as foci of fluorescence at the cell surface are identified by arrows for wild-type CaMV-infected protoplasts stained with the polyclonal serum raised against P1. Nonspecific fluorescence, mainly attributable to chlorophyll autofluorescence, is seen in samples of uninfected protoplasts and wild-type CaMV-infected protoplasts treated with the monoclonal 9E10 antibody. Bar = 100 urn.
the epitope-tagged constructs were analyzed by SDS-PAGE and protein gel blotting using antibodies raised against the epitopes. Figure 5 shows that by using the 9E10 monoclonal antibody, the 46-kD P1 product was detected for the N-9E10 and SP-SE10 constructs. In contrast, the 38-kD product was only detected when the epitope tag was positioned close to the N terminus. Both products were detected when the same protein samples were analyzed using a polyclonal P1 antibody ( Figure 5 ). For the SP-12CA5 construct, an antibody raised against 12CA5 identified a 46-kD product, and a polyclonal P1 antibody identified both 46-and 38-kD proteins (data not shown). In systemically infected tissue, the relative concentrations of P1, detected using the polyclonal serum, were the same for the epitope-tagged and wild-type virus infections ( Figure 5 ). These data support the idea that the C terminusproximal spacer region, in particular, confers a structural rather than a sequence-specific role on P1 and show that the 38-kD P1 detected in vivo results from a C-terminal deletion of the 46-kD protein. The precise size of the deletion could not be determined because P1 runs anomalously on SDS-PAGE, but it probably represents -75 amino acids (most of the C terminus beyond the central conserved region; Figure 3) .
Location of the Epitope Tags in Native P1
The presence of the tag in the P1 protein allowed us to determine whether the tagged region was exposed on the surface of the native protein. This was possible for P1 because we have shown by immunofluorescence that infected protoplasts, isolated from the leaf area exhibiting partia1 symptoms ( Figures  2A and 28, insets) , re-form tubules on their surface after a period in culture . Here, we reasoned that plasmolysis prior to protoplast isolation breaks existing plasmodesmal connections in vivo and that endogenous P1 is used to form tubules. Chinese cabbage plants, which show the same responses to the tagged mutants as turnip plants, were used as a source of mesophyll protoplasts because protoplasts from these plants are more stable in culture. lsolated protoplasts were cultured and subjected to immunofluorescence assay, using antibodíes raised against P1 or epitope 9E10, at 5 and 25 hr after plasmolysis. Figure 6 shows that at 25 hr, typically, polyclonal P1 serum detected P1 in the cytoplasm (seen as a honeycomb pattern of fluorescence around unlabeled chloroplasts) as foci at the cell surface and as short tubules. This staining pattern was visible for wild-type, N-9E10, and SP-SE10 infections at 5 and 25 hr after plasmolysis, although it was more clearly seen after the longer period in culture. The monoclona1 9E10 antibody also revealed the surface foci and tubules for both N-9E10 and SP-SE10 infections, but the cytoplasmic staining could only be seen for N-9E10. Detection of fluorescent foci and tubules for both epitope tags confirmed the position of the tagged sequence on the surface of native P1, whereas the inability to detect the SP-SE10 tag for cytoplasmic P1 suggests that P1 can exist in different conformations at different subcellular locations.
DISCUSSION
The common property of viral MPs in mediating the passage of viral genomes as nucleoprotein complexes through plasmodesmata suggests that there may be common functions among MPs and that they may have common evolutionary origins. This view is supported by extensive sequence comparisons of MPs of a wide range of viruses (Melcher, 1990; Koonin et al., 1991) ; these comparisons have identified severa1 widely conserved amino acids and motifs. The degree of conservation is most notable for the caulimovirus MPs (Hull et al., 1986; Melcher, 1990; Koonin et al., 1991) , and it has been suggested (Melcher, 1990; Koonin et al., 1991) that the caulimovirus MP is closer to the ancestral origin of MPs than are the MPs from other virus genera. The two identified functions of CaMV P1, RNA binding activity (Citovsky et al., 1990 (Citovsky et al., , 1991 (Citovsky et al., , 1992 Thomas and Maule, 1995) and tubule formation , lend support to this unifying view of the origin of MPs because they bridge the two main modes of virus movement based upon the models developed around TMV and CPMV. Whereas the cell biological evidence gives credence to the role of tubules in CaMV movement, the significance of the RNA binding activity has yet to be resolved, although a role at a specific tissue location or at a specific phase in virus multiplication could be envisaged. The conservation of the RNA binding motif in the MPs of many plant pararetroviruses suggests that this activity is of substantial importance (Thomas and Maule, 1995) . The conserved and hypervariable regions of P1 and the P1 RNA binding domain (Thomas and Maule, 1995) are illustrated in Figure 7 . Not surprisingly, in light of this extensive sequence conservation and the multifunctional nature of caulimovirus MPs, most of the P1 mutants failed to support a systemic infection when introduced into a complete viral genome. These included the three mutants that targeted the LPL, G, and D motifs. However, the locations of these sequences embedded in regions of very high sequence homology (Figure 7 ) mean that we cannot separate structural or functional roles and cannot at this stage make ajudgment about their importance. caulimovirus MPs. These regions, although able to tolerate these small changes, were nevertheless essential for full biological activity of P1.
The N-terminal mutants showed slightly different symptom character and timing. The delayed infection presumably reflected the importance of the N-terminal hydrophilic region in determining the efficiency of virus spread. We speculated that the cause of the altered symptoms close to the vascular tissues may also relate to the efficiency with which the virus is able to spread into cells away from the phloem. In contrast, the symptoms seen with the epitope-tagged mutant N-9E10 were like the wild-type virus. However, the epitope did not change the size or change substantially the chemical properties of the region.
From our scanning deletion mutagenesis data, we made predictions about the location of the N-terminal and spacer regions within the protein. For a protein with such a highly conserved central region, it seemed unlikely that the hydrophilic and variable N-terminal domain and the hypervariable spacer domain would be located within the center of the threedimensional structure. We predicted that both domains would be located on the surface of the protein and that a function of the spacer might be either as a loop serving to bring the conserved C terminus close to the central conserved core or as an arm holding the conserved C terminus at a distance from the central structure. At least one native conformation of P1 is as a component of tubules capable of allowing the passage of virus particles . Although the molecular structure of these tubules is not known, it seems reasonable to suppose that P1 exists as a three-dimensional subunit where the inner and outer faces of the subunit have limited involvement in the protein-protein interactions required for tubule formation and therefore provide the only possible locations for surface components of the P1 protein.
To test our hypotheses of P1 structure, we employed an epitope tagging strategy. This use of epitope tagging to examine protein structure differs from its most frequent use as an aid to protein detection and purification (Field et al., 1988; Kolodziej and Young, 1991; Cravchik and Matus, 1993) and demonstrates the power of the technique to study complex protein structures. The experiments provided two important pieces of information. First, they showed that the smaller P1 product resulted from a C-terminal deletion. This processed protein has been found only after CaMV infection of plant cells (Harker et al., 1987; Young et al., 1987; Maule et al., 1989) and may have a separate function from the intact P1 (Maule et al., 1989) . Second, the experiments showed that native P1 can exist in different conformations at different subcellular locations. We assume that cytoplasmic P1 corresponds to the location of the protein in a microsomal fraction detected previously (Harker et al., 1987) . The precise role of P1 in this location is not known.
The detection of native P l in the form of surface foci and tubules for both tagged proteins showed that the N terminus and the spacer regions are exposed either on the outer or inner surfaces of the tubule. On the outer surface, the N and C termini could interact with components present on the inner face of the plasma membrane; on the inner surface, the termini would have a role in interacting with virus particles. More detailed structural analysis is required to differentiate these locations.
It is clear that the caulimovirus MPs belong within a larger group of tubule-forming MPs, which are probably associated with the cell-to-cell transmission of virus particles. Although these tubule-forming MPs show little sequence homology outside of their virus genera, they could show structural homology. Despite apparent anomalous migration on SDS-PAGE, all of the characterized tubule-forming MPs have similar molecular masses. Hence, CPMV 48K (Wellink et al., 1987) , tomato spotted wilt virus NSm (Kormelink et al., 1994) , grapevine fanleaf virus P38 (Margis et al., 1993) , and CaMV P1 have molecular masses of 37.4, 33.6, 38, and 36.9 kD, respectively.
By employing the same computer analysis used for comparing caulimovirus MPs (Figure 3) , we have also looked at relationships between MPs within the comovirus group. Our experience with the caulimovirus MPs showed us that success with the computational analysis to reveal regions of high and Iow conservation was subject to certain limitations. These were that individual members in the analysis (preferably three) should be not to0 closely related (i.e., not isolates of the same virus), that they should be approximately equally different from each other, and that the precise N and C termini of the protein should be known. Figure 8 shows that a comparison of the MPs for CPMV, red clover mottle virus, and bean pod mottle virus identified a distribution of conserved and nonconserved regions with similarities to that seen for caulimovirus MPs (Figure 3) . This was particularly true for the spacer region flanked on both side by blocks of conserved amino acids (Figure 8 ).
These and other similarities, such as a strongly conserved central region and conserved blocks of amino acids, including CaMV residues 28 to 32 and 228 to 237 and the corresponding CPMV residues 31 to 36 and 249 to 260, suggested that these two groups of proteins could be structurally related. However, there were also notable differences between the protein groups in the presence of a more conserved N-terminal region in the comovirus MPs with a strong a-helical prediction (A.J. Maule, unpublished data) and the absence of the structural components comprising the CaMV RNA binding domain (Thomas and Maule, 1995) in the central region of the comovirus MPs (A.J. Maule, unpublished data). We were not successful in applying the same approach to the MPs of tospoviruses and nepoviruses, probably because, for the former, only two very similar sequences (tomato spotted wilt virus and lmpafiens necrotic spot virus) were available to be aligned and, for the latter, the precise C terminus was known only for grapevine fanleaf virus.
From the functional similarity of the MPs of caulimoviruses, comoviruses, tospoviruses, nepoviruses, and fabaviruses and the structural similarity between caulimovirus and comovirus MPs, we believe that CaMV P1 is one representative of a wide group of MPs that, despite little sequence homology, has a highly conserved structure evolved to form the MP tubule to transmit virus particles from cell to cell. 
METHODS
Virus lsolate and Plant Cultivam
Cauliflower mosaic virus (CaMV) strain CM1841 (Gardner et al., 1981) was used in all the experiments described here. The growth and inoculation of the host plants, Brassica campesfris rapa (turnip) cv Just Right and Brassica campesfris cv Pak Choi (Chinese cabbage) Thomas et al., 1993) , and the isolation and culture of protoplasts from infected Chinese cabbage ) were all as previously described. After inoculation with recombinant viral genomes, plants were maintained under similar conditions in a containment glasshouse.
Site-Directed Mutagenesis
Deletion mutants of P1 were made by oligonucleotide-directed mutagenesis (Kunkel et al., 1987) . The oligonucleotides ranged in size from 25 to 35 nucleotides, with 13 to 15 nucleotides on either side of the proposed deletion, with a melting temperature of ~3 6 to 42°C. Epitopetagged mutants, which contained substitutions of the P1 amino acid sequence with the 9E10 or 12CA5 epitopes, were made similarly, except that the coding sequence for the epitope was included in the center of the oligonucledide. The locations of the epitopes in P1 are described in Figure 4 . All mutants were made in an EcoRV-BamHI fragment (nucleotides 7342 to 1926) of CaMV CM1841 cloned into M13mp19. The mutated CaMV gene I DNA fragment was excised by digestion with an Spel (nucleotide 109) and Xhol (nucleotide 1642) fragment and transferred to similarly digested pBCM1841, a multimeric construct of CM1841 DNA cloned into pBIN19 . This construct initiates CaMV infection when transferred to host plants by agroinfection using Agmbacferium fumefaciens . Mutated P1 sequences were verified by dideoxynucleotide chain termination sequencing (Kraft et al., 1988) using the mutagenic oligonucleotide as the sequencing primer. This strategy allowed easy identification of any additional anomalous mutagenic events that may have occurred. Modified pBCM1841 was electroporated (Nagel et al., 1990 ) directly into disarmed Agrobacterium strain C58 (pGV3850) (Zambryski et al., 1983) and selected using kanamycin-containing media.
Agroinoculation of Plants and Leaf Discs
Mutated CaMV was agroinoculated onto batches of 3-week-old turnip plants as described by Thomas et al. (1993) . Mutants that failed to initiate asystemic infection were tested for their ability to replicate in single cells by agroinoculation of leaf discs and DNA gel blot analysis of the progeny viral DNA . To check whether any of the mutants could give rise to asymptomatic infections, young tissues from all inoculated plants were subjected to dot blot analysis of CaMV DNA (Maule et al., 1983) 7 weeks postinoculation. To assess the speed of infection, we found that counting the number of leaves appearing between the inoculated leaf (leaf 1) and the first leaf showing full systemic symptoms was more reproducible between experiments than counting the delay in days.
In case replication of the mutant genomes promoted reversion or compensatory mutations, progeny molecules from all the systemic infections were sequenced in the coding region for P1. For this, tissue was subjected to a small-scale virus purification, viral DNA was extracted , and the vira1 gene I was amplified using DNA polymerase chain reaction and flanking primers. The polymerase chain reaction product was sequenced (Kraft et al., 1988) in the region of the mutation for mutants 288 to 290,301 to 301, N-9E10, and SP-9E10. The complete gene I was sequenced for those mutants that elicited altered symptoms, that is, mutants 8 to 10, 22 to 24, and 35 to 37.
lmmunodetection of Epitope-Tagged Proteins
Three antibodies were available for the analysis of P1 accumulation following infection. All P1 proteins could be detected using a polyclonal serum to P1 expressed in insect cells (Maule et al., 1992) . Commercial antibodies (BAbCo, Richmond, CA) to the 9E10 and 12CA5 epitopes permitted detection of the appropriate epitope-tagged P1. The monoclonal antibody to 9E10 (Kolodziej and Young, 1991 ) was used at a dilution of 111000 for immunoblot (Harker et al., 1987) and immunofluorescence analysis. For the tagged proteins, the response on immunoblots was strongest with 9E10 epitope, although there was some weak reaction with host proteins ( Figure 5 ). The polyclonal serum to 12CA5 (HA11; BAbCo) was also used at the recommended dilution of 111000. This serum gave a weaker reaction on immunoblots with some weak cross-reactivity with host proteins and was not suitable for our immunofluorescence experiments (data not shown).
To detect wild-type and tagged P1 by immunoblot analysis, cell wall-associated proteins were isolated from leaves showing full systemic symptoms following a scaled-down version of the method described by Albrecht et al. (1988) . The S3 supernatant, which is enriched in solubilized cell wall proteins, was analyzed by electrophoresis in a 10% polyacrylamide gel containing SDS (Laemmli, 1970) and on protein gel blots using the anti-epitope or anti-P1 antisera (Harker et al., 1987) . To examine the P1 protein in its native conformations, protoplasts were isolated from expanded leaves of mock-inoculated Chinese cabbage plant and from leaves with mixed symptoms from Chinese cabbage infected with wild-type CaMV, mutant N-9E10, or mutant SP-SEIO. Protoplasts were harvested at intervals after culture and stained using the immunofluorescence technique as described previously .
Computer Analysis
Movement protein (MP) sequences for the caulimoviruses CaMV CM1841 (Gardner et al., 1981) , CaMV Strasbourg (Franck et al., 1980) , CaMV D-H (Balazs et al., 1982) , carnation etched ring virus (CERV; Hull et al., 1986) , and figwort mosaic virus (Richins et al., 1987) and the comoviruses cowpea mosaic virus (CPMV; van Wezenbeek et al., 1983) , red clover mottle virus (Shanks et al., 1986) , and bean pod mottle virus (MacFarlane et al., 1991) were compared within their respectiva groups. Sequences were analyzed using the University of Wisconsiti Genetics Computer Group (UWGCG) computing software (Devereux et al., 1984) and the parameters defined by Chou and Fasman (1978) . Percentage sequence similarity between MPs within virus groups was determined using the Bestfit program. Physical properties of CaMV P1 ( Figure 1) were determined using the Pepplot program; multiple sequence alignments were made using the Pileup program. To identify regions of sequence conservation in comovirus MPs, amino acid familial groupings were as those used by Citovsky et al. (1992) . The distribution of conservation frequency was calculated manually as a percentage of homology in a moving window of 10 amino acids, scoring the first amino acid in each window.
